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Introduction
Connective tissues play a crucial role in maintaining the structure of our bodies. The feat of literally keeping us in shape is made no less impressive by the fact that it is performed to a large extent by a single group of proteins called collagens. While there are 28 different types of collagen in vertebrates, it is a subgroup of fibrillar collagens (type I, II, III, V, XI), which is mainly responsible for providing mechanical strength on larger scales [1, 2] . The different fibrillar collagens have similarities in their structure and general behavior, and although important differences exist, they all form elongated triple-helical molecules that aggregate in a highly ordered stagger to form fine threads called fibrils [3, 4] . These fibrils are the main building blocks of large connective tissues such as skin, bone, cartilage, and tendon. Tendons are possibly some of the simplest connective tissues in terms of structure and composition, consisting almost entirely of parallel type I collagen fibrils [2] , with a low rate of turnover [5, 6] . In spite of this apparent simplicity, a fundamental question remains unanswered; how long are the fibrils? The diameters of tendon collagen fibrils are routinely measured by transmission electron microscopy (40-400 nm) [7] ; however, determining the length has proven more difficult primarily because individual fibrils are too thin to image by light microscopy methods, they cannot be extracted intact from tissues [8] , and they are too long to trace by conventional serial section transmission electron microscopy. Had the length of mature fibrils been on the order of tens or hundreds of microns, it would undoubtedly have been determined many years ago as is the case in embryonic tissue where the lengths are indeed in this range [9] .
Tendon is known to have poor healing capabilities, regenerating slowly and often with incomplete recovery [10, 11] . Several factors likely play a role in this poor healing ability, including low cell density and vascularization [12] but the tendon structure itself may also play a role due to difficulty in aligning, tensioning, and interweaving new fibrils across a rupture site. For this reason, the length of collagen fibrils is of importance for tendon regeneration, and it is also important in determining how load is distributed through lateral and longitudinal transfer mechanisms.
The question of fibril length in mature tissue has been addressed in the past by several different approaches. Direct structural investigations have attempted to trace the length of fibrils with scanning electron microscopy of fracture surfaces [13] as well as serial sectioning with transmission electron microscopy [14] . Fibril length has also been estimated indirectly based on calculations from mechanical [15] or structural [14] properties. Other studies did not numerically estimate the length but concluded that they are discontinuous by structural and mechanical relations [16, 17] . The findings generally agree that mature collagen fibrils are long (>1 mm); however, the direct structural studies find values high enough to indicate that fibrils may be structurally continuous whereas those based on more indirect methods tend to support discontinuity (length < 10 mm).
The aim of the present study was to determine if mature human tendon collagen fibrils are structurally continuous, by tracing individual collagen fibrils over distances in the centimeter range using automated electron microscopy serial imaging techniques. Tracing individual fibrils over such distances turned out not to be possible, instead continuity was investigated in a much shorter (125 lm) mouse tendon (tendo m. stapedius) in combination with statistical analyses of mature human tendon fibrils traced over 25 lm segments.
Materials and methods

Human tendons
As part of a previously published study [18] , tendon tissue from males 18 to 32 years old were collected during routine anterior cruciate ligament reconstruction, and for the present study a patellar tendon and a hamstring tendon were investigated. The experiment was approved by the ethical committee and informed consent was obtained from the patients as previously described [18] . The patellar tendon was stored frozen at À20°C in PBS until use while the hamstring tendon was prepared fresh. Frozen storage damages cellular structures but had no observable effect on the collagen. For the patellar tendon, a single fascicle was fixated in glutaraldehyde fixative (2% v/v in 50 mM sodium phosphate buffer, pH 7.2) under low tension (0.2 N) to improve long range alignment. For technical reasons described in the discussion we gave up on using stacks in the mm range obviating the need for long range alignment. Consequently the hamstring tendon was fixated directly in glutaraldehyde without tension.
Mouse stapedius tendon
Two mature 12-week old mice were pre-anaesthetized with inhalation of Halothane 3% (Halocarbon Laboratories, River Edge, NJ, USA). Anesthesia was induced by intraperitoneal injection with Pentothal Sodium (Abbott Scandinavia AB, Sweden), 55 mg/kg body weight. The mice were fixed by vascular perfusion through the left ventricle of the heart with glutaraldehyde fixative for 5 min. Following fixation, the stapes and the stapedius muscle with the interposed tendon were isolated by microdissection from the middle ear (Fig. 1A) . The samples were subsequently transferred to a hypotonic fixative (1% glutaraldehyde in 25 mM cacodylate buffer, pH 7.2) for 1 h to help swell the tendon. Finally, the samples were post-fixed, stained, dehydrated, and embedded as described below.
Sample preparation
Staining and embedding samples for FIB-SEM followed a protocol similar to that of Starborg et al. [19] . Following primary fixation, samples were washed (3 Â 20 min) in 0.15 M phosphate buffer (pH 7.2), fixed in 1% OsO 4 with 0.05 M K 3 Fe(CN) 6 in 0.12 M cacodylate buffer (pH 7.2) (1 h), and subsequently washed in distilled water (3 Â 15 min). To enhance the stain, samples were treated with 1% tannic acid in 0.1 M cacodylate buffer (pH 7.2) at 4°C (1 h), washed in distilled water (3 Â 15 min) and stained in 1% OsO 4 in distilled water (1 h) followed by another wash in distilled water (3 Â 15 min). Finally, the samples were en bloc stained with 1% uranyl acetate in distilled water at 4°C over night and subsequently washed in distilled water (3 Â 15 min Following epoxy infiltration, the human tendon samples were placed in a mold, oriented for transverse sectioning and the resin was cured at 60°C for 24 h. Resin blocks were trimmed with a razor blade and to reduce ''curtaining" artifacts a thin layer of fresh resin was applied to the cut surfaces and polymerized for 24 h. For the mouse stapedius samples, after epoxy infiltration, but before curing the resin, most of the muscle and bone was trimmed away. After partial curing (12 h, 60°C) the epoxy block was trimmed down to a minimal size parallel to the tendon and completely cured (24 h, 60°C). Before final imaging, the blocks were sputter coated with 4 nm gold (Leica ACE 200, Vienna, Austria).
Serial block-face imaging
To visualize the human tendon collagen fibrils in three dimensions a combined focused ion beam and scanning electron microscope (FIB-SEM) was used for acquiring serial block-face images (Quanta FEG 3D, FEI, Eindhoven, Netherlands) [20] . Briefly, after a wide ion beam rough-cut of the exposed sample surface, a field with a well-defined fibril area was selected. Platinum (1 lm) was deposited on the flat surface perpendicular to the mesa in a field that matched the preferred magnification [20] . Trenches were milled on both sides of the platinum deposition [20] . Finally, a fiducial was milled on the platinum layer to aid in alignment.
Image stacks (500-1000 images) were acquired using the software package Slice and View G2 (FEI) by sequentially milling 30 or 50 nm thick slices off the block surface with a gallium ion beam. Between each slice the block surface was scanned by the electron beam and images collected on a retractable backscattered electron detector (vCD, FEI). The electron beam was operated at spot 1, 5.0 kV high tension (HT) at a chamber pressure of 0.3 mPa. The ion beam was operated at 0.5 nA, 30.0 kV HT and working distance 10 mm. Grey scale images were recorded with 8 bit, 2048 Â 1768 pixels and 3.0 ls dwell time. The horizontal field width varied between stacks but was typically around 5 lm, with pixel dimensions $3-5 nm/pixel. Different equipment was used for the mouse stapedius tendon. A Quanta 250 FEG (FEI) microscope equipped with a 3view ultramicrotome (Gatan, UK) was used to generate serial sections. The SEM was operated at spot 3.5, 4.0 kV, at low vacuum (45 Pa). Images were collected after every 100 nm slice using DigitalMicrograph software (Gatan, UK). Initially a stack was made with 120 lm Â 120 lm 2 field of view to contain the entire stapedius tendon, but at this magnification it proved impossible to trace individual fibrils. The stack used in the present study selected a smaller region (6000 Â 6000 pixels at 5.2 nm equating to $30 lm Â 30 lm), however, due to the smaller field of view, the tendon insertion into the muscle was initially missed. Consequently the stack starts a few micrometers below the muscle insertion. The field of view had to be manually adjusted an additional 6 times during the recording to keep the tendon in view. The raw data was converted to an MRC stack and the individual regions realigned using IMOD [21] as in Starborg et al. [19] .
Analysis of structural features
All image stacks were analyzed using Amira software (v.5.4, FEI). Individual fibrils were selected on the first frame and traced manually through the image stacks in order to determine fibril ends and other structural features. Initially attempts were made to determine the feasibility of an automated tracing procedure, but the contrast, resolution, and quality of the images did not allow for consistently successful automated segmentation, which is required to trace structures through several hundred images. The advantage of manual tracing is mainly the incorporation of logic, i.e. when multiple small fibrils converge into one indistinguishable bundle over part of the stack, but later split up into the same number of fibrils with the same respective dimensions, it was concluded that they were the same continuous fibrils. It is possible that a more advanced tracking algorithm incorporating such logic could be developed.
Mean fibril length was estimated based on statistics using the number of observed ends and the combined fibril length examined. The formula is essentially the same as previously derived by Starborg et al. [19] , but because the present study only traces fibrils from the top frame in the stack, only half the ends will be observed and therefore the length estimate is halved. The basic assumptions are that fibril ends are uniformly distributed in the tissue, that fibrils are longer than the depth of the stack and that their lengths are uniformly distributed around the mean.
L Fibril is the estimated mean fibril length in the sample, L Combined is the combined length of all fibril segments traced and n Ends is the observed number of ends amongst the traced segments.
Fibril dimensions
Changes in fibril diameter along their length were measured in the human tendons by a semi-automated and a manual approach. In the semi-automated method, five equally spaced sections were taken from the image stack (at approximately 0, 6, 12, 18, and 24 lm depth) and each section was analyzed in ImageJ (v.1.46r, National Institute of Health, USA, [22] ). Segmentation involved smoothening of the section using de-speckle and Gaussian blur, followed by background subtraction based on a moving cone. Images were subsequently thresholded, and coalesced fibrils were separated with the watershed function. Finally, the particle analysis function was used to determine the cross-sectional area of each fibril. In each of the patella and hamstring tendon 100 fibrils were manually registered to determine corresponding fibrils in each section. Cross-sectional areas were calculated into diameters assuming circularity. A manual method was used to generate a more detailed view of fibril dimensional changes over length. Fibril diameter was measured manually throughout the stack at 500 nm intervals. Fibrils were fairly circular when separate but they appeared elliptical when partially coalesced with neighboring fibrils. Therefore the smallest diameter was measured. The same manual measurement of diameter was also performed on 300 fibrils from a single section on the stapedius tendon for comparison.
Results
Throughout the sections, 1021 individual fibrils were traced on the hamstring tendon and 1680 on the patellar tendon, each over approximately 25 lm for a total fibril length of 25.5 mm on the hamstring and 42.0 mm on the patellar tendon ( Fig. 2A-B ). There were no apparent differences between the two tissues; therefore subsequent analysis considered them as one. In addition to the human tendons, 50 fibrils were traced through the mouse stapedius tendon (tendon length $125 lm). Most of these fibrils could not be traced throughout the entire length because they either diverged out of the field of view, entered a particularly blurry region of the image, or were disrupted by small cracks, which had likely formed due to stresses in the sample block during microtome sectioning. However, none of the fibrils displayed an actual end, and 5 fibrils were successfully traced through the full length of the tendon (Fig. 1B) .
Structural features
Amongst all the traced fibrils, a single fibril end was observed, which was in the patellar tendon sample. The terminating fibril was thin (45 nm) but did not display noticeable taper. The fibril curved back on itself twice, once right before terminating and once about 20 lm deeper in the specimen (Fig. 3A-D) . Seven other fibrils were also observed to curve back on themselves forming a hairpin loop (4 in hamstring and 3 in patellar tendon) (Fig. 4A-C) . Three fibrils were observed with grossly irregular structure (1 in hamstring and 2 in patellar tendon) (Fig. 4D-F) . Finally, fibril branching points were observed on 4 occasions (all 4 in the same image stack on patellar tendon) (Fig. 5A-D) .
Based on the single observed fibril end, the estimated fibril length (Eq. (1)) is equal to the total traced length of 67.5 mm. Due to the low number of observations, the statistical certainty of this number is low. Using binomial statistics, the 95% confidence interval can be estimated by finding the largest fibril length (lowest probability of an end) that would -with 95% probability -have yielded less than one observed end (upper limit) or the shortest fibril length that would -with 95% probability -produce more than one observed end (lower limit). Using this approach, the 95% confidence interval on fibril length becomes 14-1228 mm.
Since the upper confidence limit is much greater than the actual patellar tendon length ($50 mm) an alternative interpretation of the data is to consider two fibril populations, one that spans the length of the tendon and has no ends, and another that is discontinuous with a length up to 50 mm. Using this approach the lower confidence limit could be described by 100% discontinuous fibrils with an average length of 14 mm, the mean value would be equivalent to 26% continuous fibrils and 74% discontinuous fibrils with a length of 50 mm and the upper confidence limit would be consistent with a population of 96% continuous fibrils and 4% discontinuous fibrils with a length of 50 mm. If the assumed length of the discontinuous fibrils was shorter, their proportion would also be reduced.
Fibril dimensions along their length
Average values for the measured human tendon fibrils are reported in Table 1 . To elucidate the dimensional variability of the collagen fibrils the standard deviation and coefficient of variation along each fibril was determined. There was no relation between fibril diameter and the within-fibril standard deviation. We interpret this fairly constant variance as measurement uncertainty resulting from the somewhat blurred fibril outlines (Fig. 3B-D) , rather than a functional modulation to fibril diameter. Manual diameter measurements along the fibrils (Fig. 6) , providing greater longitudinal resolution (50 measurement sites vs. 5), were in good agreement with the semi-automated method (Table 1 ). In addition to the diameter variability we also investigated if taper was apparent. The average absolute slope (i.e. independent of taper direction) was 0.56 nm/lm. Assuming that taper is only present ---SD = standard deviation, CV = coefficient of variation, n = number of fibrils measured. Slope refers to the overall change in fibril diameter along the segmented length by linear regression. The absolute value is reported to remove direction dependence of the slope. * Note that the absolute diameters do not represent the fibril diameter distribution in the tissue, only that of the fibrils used in the analysis of change along length.
near a termination, most fibrils would not taper and then the maximum value of 2.20 nm/lm is more relevant. The semi-automated method also provide the coordinates of each fibril and from these we determined that the sections were around 5°off from perpendicular, which has an insignificant effect on the diameter measures (<0.5%). The fibrils in the stapedius tendon were thinner and more uniform in size than in the human tendons (Table 1) .
Discussion
Fibril length
The original goal of this study was to trace individual collagen fibrils over macroscopic distances to unequivocally determine their length, but even with the current advanced serial imaging techniques we were unable to achieve this for a number of reasons. First, using the FIB-SEM method only a smaller region of the sample is milled away, and as the stack gets deeper the side walls cause artifacts. The microtome based method removes the entire surface but risks damaging the sample during sectioning because it needs to be long and thin. Furthermore, we initially expected to image each section in around 1 min leading to a 14 day acquisition time for a 2 mm long sample, but in order to achieve sufficient image quality each section on the mouse stapedius took around 4 min ($5 days for the 200 lm sample). In addition, deeper stacks would also require larger imaging areas because individual fibrils weave in and out of bundles causing them to ''diffuse" across large parts of the sample cross-section, even when the sample itself remains well aligned. This means that if a field twice as large (60 lm) had to be imaged at sufficient quality, it would result in an acquisition time of $200 days for a 2 mm long sample. Maintaining image quality for such a long run was deemed infeasible. Consequently we were relegated to a statistical approach similar to what has been done in the past [13] , but with the more advanced techniques enabling us to cover a greater volume than previously. By virtue of the greater volume investigated, the present results push the estimate of fibril length even higher, from the several mm range to the tens of mm range, with an average exceeding the length of at least the patellar tendon ($50 mm). It should be kept in mind that the certainty of the fibril length is low, so within the 95% confidence limits, the fibrils could be down to 14 mm. Even at this limit, 14 mm would still be greater than what has previously been estimated, and while the fibrils would not be structurally continuous, they would almost certainly remain mechanically continuous as described later in the discussion.
Another point of contention is the assumption that fibril ends are uniformly distributed, since we only examined a central portion of the human tendons. To our knowledge there is no evidence suggesting that ends would be localized in specific regions, and an uneven distribution of fibril ends would in general be detrimental to mechanical strength since regions with higher end-density would become weak points. Regardless of the average fibril length, the statistical approach cannot directly show if there are in fact continuous fibrils attached to muscle at one end and bone at the other. To help bridge this gap, a tendon (mouse stapedius), which is within the achievable dimensions for serial imaging (<200 lm long), was investigated. We managed to trace 5 fibrils through nearly the entire length of the stapedius tendon (missing the first few lm at the muscle insertion as previously mentioned) and did not observe any ends, proving that structurally continuous collagen fibrils exist in some tendons. In terms of function the stapedius tendon is not weight-bearing like patellar and hamstring tendons but morphologically it is similar (connecting muscle to bone) and it has a similar microstructure of dense collagen fibril bundles.
Tapering ends
It is generally expected that the ends of intact fibrils are tapered [23] , and if they taper very slowly they would seem to slowly fade away rather than ending, which could cause difficulty in the observation of ends. For this to be a problem the taper would have to occur so slowly that the fibril would be near the detection limit of the imaging technique over the length of the segmented volume. In the present study most recordings had pixel resolutions of approximately 5 nm and a fibril would need to be at least several pixels in diameter to be reasonably traceable leading to a detection limit of around 30 nm. There is limited data on fibril taper, and to our knowledge none on mature fibrils, but a study on chick tendon at embryonic day 18 looked at the fibril taper shape and found that the number of molecules in a fibril cross-section changed at a constant rate along the taper, which occurred over roughly 1 lm (15 D-periods) in fibrils of 30-40 nm diameter [24] . The taper rate was reported to be 30 molecules per 67 nm D-period (450 molecules/lm) [24] , and assuming that molecules of 1.5 nm diameter are densely packed in a fibril of 100 nm diameter ($4500 molecules in cross section), the total taper would stretch over 10 lm.
However, the part where the fibril diameter is below 30 nm would be less than 1 lm because the constant taper rate in terms of molecules leads to a parabolic tip shape in terms of diameter. It is therefore highly unlikely that fibril ends were overlooked due to taper. In addition fibril diameter was fairly stable, at least over tens of micrometers (10.6 nm SD) in agreement with our previous observations using atomic force microscopy on individual fibrils [25] , and the highest taper rate observed here (2.2 nm/lm) is far lower than expected near an end.
Lengthening mechanisms
Fibrils clearly grow in length during maturation, likely by tipto-tip fusion of short fibril segments as seen in immature tissue [8, 23] , combined with accretion of collagen molecules onto existing fibrils, as seen during in vitro reconstitution of collagen [26] . In order for the fibrils to efficiently reinforce the matrix this process has to proceed at least until the fibrils reach the critical length; however, the same elongation process could continue and the natural end-point would be structurally continuous fibrils as suggested by the present finding. This seems like a reasonable process and would avoid the need for a mechanism to stop fibril elongation at some desirable length. However, it appears that such a mechanism does in fact exist. The molecules within a fibril are usually oriented in the same direction (unipolar), giving the fibril a C-and an N-terminal end, and it has previously been reported that fibril segments can only fuse tip-to-tip through the C-tip of such a unipolar fibril [23] . Fibrils fusing between two C-terminal ends will generate N-N bipolar fibrils that cannot fuse to each other, thereby limiting longitudinal growth by fusion. The existence of such a growth limiting mechanism could be considered to support the notion of discontinuous fibrils. Further investigation will be required to address this issue but we suspect that controlled fibril elongation may primarily be important to enable sliding during tissue growth [27] , after which fibrils eventually elongate to become continuous as indicated by the present results.
Other structural observations
While tracing the collagen fibrils a number of other structural features were also observed, which could be important for tendon function. Branched collagen fibrils have been reported in the past [28, 29] and were also observed here, although the prevalence in the present study (1:250,000 D-periods) was lower than previously reported for embryonic mouse tails (1:20,000 D-periods) [28] . Whether such a branch represents fibril splitting, fusion or perhaps a nucleation site of fibril growth is not known. The ''merged" fibril region could in principle be two closely associated but still individual fibrils; however, in 3 of the 4 observed branches the fibrils were of equal size and thus the merged region should have been elliptical if they simply coursed alongside each other, which was not the case. In all 4 cases the merged region had greater diameter than either of the two branches, but only in one case was the merged cross-sectional area equal to the sum of the branches, in the remaining three the area was between 60% and 80% of the sum. If branches occur randomly then the observation that fibrils branch more often than they terminate would indicate that they on average have a branch point connecting them to a neighboring fibril before terminating. As previously suggested this would lead to a structurally connected branched network of collagen fibrils [29] . However, the observation that all of the fibril branches were found within a relatively small region could indicate that they do not occur randomly. An alternative possibility is that fibril fusion may be a mechanism for repairing local fibril damage. The hypothesis would be that the ends of a broken fibril fuse onto the shafts of nearby intact fibrils to maintain continuity. The mechanical damage itself could facilitate this mechanism by disrupting the proteoglycans that would normally keep the fibrils from fusing [8, 23] . Such a mechanism would enable a form of self-healing that is independent on cellular activity and turnover. We have no overt evidence for such a mechanism, but it could be worth investigating in the future. A previous study, which may lend some support to the idea, reported that fibrils in the scar region of healing ligaments are continuous with fibrils in the intact tissue, and that qualitatively there appeared to be an increased occurrence of fibril branches in the interface region [30] .
In several cases fibrils were seen to bend back on themselves in a hairpin loop, sometimes continuing all the way back through the stack and sometimes going back for several lm before making another turn and continuing through the stack in the original direction again. The fibrils in question were not particularly thin (average diameter 93 nm) or otherwise remarkable, indicating that it is probably not just a subpopulation of ''loose" fibrils. The presence of such loops suggests that fibrils are not taut within the matrix, but their origin is not clear. We suspect that fibrils of varying lengths exist within a tendon (even if they are continuous) and that these are sequentially recruited during mechanical stretching. In that case the longest fibrils would have to be bent or buckled in the unloaded tendon, which could give rise to the observed loops on the fibril. The difference in fibril length could be generated by simply forming non-straight fibrils, but could also occur by formation of straight fibrils in the stretched state of the tendon.
Continuous vs. discontinuous fibrils
In composite materials science a key concept is the ''critical length", defined as the length at which the surface area of a fiber is large enough that the bonding strength to its surroundings matrix becomes greater than the strength of the fiber itself. A fiber longer than its critical length will break rather than slipping. Little is known about the mechanisms and magnitude of interfibrillar shear load transmission in tendons. A recent study used a notch testing method to estimate an interfibrillar shear strength of 32 kPa under quasi static conditions [16] . The strength of collagen fibrils is also poorly investigated, but we have previously determined a value of 540 MPa for hydrated human patellar tendon fibrils normalized to their dry cross-sectional area [31] . For a native tendon the hydrated cross-section should be used and assuming a 30% increase in diameter upon hydration [32] the native fibril strength becomes 320 MPa. With the average diameter in the present study of 125 nm, the critical length can be estimated to be 625 lm. The numbers used in this calculation are somewhat uncertain but it seems fair to assume that the majority of fibrils will have critical lengths around 1 mm. Other studies investigating fibril length in mature tissue have found values in the range 0.86-12.7 mm, indicating that most fibrils may exceed their critical length [13] [14] [15] . This is in agreement with the observation that only broken fibrils can be isolated from mature tendon tissues [8] .
Combining these considerations with the present findings, it appears that in mature tendon many of the fibrils are structurally continuous. In addition they are also mechanically continuous independent of their structural continuity, because their lengths exceed the critical length. Furthermore, even given their structural continuity the fibrils are not necessarily taut but may be sequentially recruited. To the extent that fibrils exceed the critical length, failure will occur by fibril breakage, whether they are continuous or not, and when the fibrils are broken continuity is lost and there is no distinction between continuous and discontinuous cases. That fibrils are loaded to their mechanical limit rather than slipping during tendon failure is supported by recent in vitro studies showing that tendons overloaded into the region of plastic deformation display fibril damage at discrete locations, which increases in frequency with repeated overloading [33] . Similar localized damage was reported years ago in conjunction with X-ray diffraction, showing that intrafibrillar damage mechanisms -that did not alter the average fibril D-period (strain) -preceded interfibrillar sliding and macroscopic failure [34] .
A major contention against structural continuity of fibrils, is the observation that tendons [35] and ligaments [36] can creep to failure even under relatively low loads, and furthermore X-ray diffraction has shown that while the tendon elongates during creep, the fibril D-period (fibril strain) remains constant [17] . Such behavior can be explained by fibril slippage, but if fibrils are continuous they should eventually become taut and resist further deformation before failing. Individual fibrils also display viscous behavior and can be expected to creep themselves, which could explain the macroscopic creep even after fibrils are taut [37] . However, such intra-fibrillar creep would lead to molecular sliding and likely increase the D-period, which is not consistent with the X-ray observations. It is worth noting that while the D-period did not increase in the X-ray study, other changes in the diffraction pattern were observed [17] , indicating that some structural changes took place within the fibril during creep. If these changes were related to localized fibril damage as mentioned previously, it is possible that individual fibrils break sequentially during the creep process, thereby leading to a discontinuous structure that can creep further by interfibrillar sliding.
Conclusion
Collagen fibril ends within mature human tendon are extremely rare, in agreement with previous reports. The significant fibril volume investigated in the present study provides statistical evidence that fibrils may even be structurally continuous. This finding is supported by our results on the short mouse stapedius tendon in which fibril continuity could be directly observed. In some aspects, tendon behaves mechanically as a material with discontinuous fibrils; however, this observation could possibly be explained if localized damage causes collagen fibrils to sequentially break, thereby leading to an effectively discontinuous fibril network as damage accumulates. Our findings support fibril breakage rather than slippage as the primary mode of tissue damage and consequently maintenance and repair mechanisms should be expected to deal with regenerating broken fibrils.
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